Introduction {#sec1}
============

In the mammalian cortex, the seat of higher brain functions, neuronal information processing critically depends on inhibitory gamma-aminobutyric acid (GABA)-positive interneurons, actively shaping the responses of excitatory glutamatergic principal neurons ([@ref39]; [@ref58]). Timed inhibition is crucial for the generation of network oscillations underlying the coordination of communication between different brain areas ([@ref28]; [@ref14]). Moreover, increasing evidence for a timed and local disinhibition emerges as a critical mechanism for learning and memory formation ([@ref58]).

The molecular basis for learning and memory relies on synaptic plasticity, which is modulated by action potential-dependent and spontaneous transmitter release, influencing the strength of synaptic connections. Both processes are subject to modulation requiring multiple levels of regulation for efficient management ([@ref9]).

Several studies have highlighted the relevance of protein turnover, including their removal from the cell surface, recycling, or degradation for synaptic function and plasticity ([@ref15]). These processes rely on clathrin- and dynamin-dependent endocytosis ([@ref70]; [@ref10]; [@ref102]). Although several different types of endocytosis exist ([@ref44]), clathrin-mediated endocytosis is crucially implicated in the internalization of receptors required for neuronal signaling ([@ref83]; [@ref17]). After the internalization of cargo, the endocytic vesicle can fuse with early endosomes and is either recycled back via recycling endosomes or degraded after their maturation to late endosomes and the fusion with lysosomes ([@ref44]). At synapses, endocytic-based recycling is implicated in synaptic vesicle replenishment, thereby influencing synaptic transmission ([@ref57]). The efficient management of synaptic transmission and its underlying processes require multiple levels of regulation.

It is becoming increasingly clear that epigenetic mechanisms of gene regulation, including histone modifications and DNA methylation, are critically involved in processes underlying learning and memory ([@ref75]; [@ref99]), albeit the detailed subcellular mechanisms remain largely unknown. In excitatory neurons of the cerebral cortex, a role of DNA methyltransferases (DNMTs), the enzymes that catalyze 5-cytosine methylation, in modulating synaptic transmission ([@ref59]; [@ref80]; [@ref98]), synaptic scaling ([@ref76]), and neuronal excitability ([@ref75]) was already reported.

In support of its relevance for synaptic functionality, DNA methylation has emerged as a highly dynamic process in developing and mature neurons ([@ref32], [@ref34], [@ref33]). This is enabled by active ways of DNA demethylation, involving ten--eleven translocation (TET) family enzyme-dependent mechanisms ([@ref112]; [@ref113]). TETs oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) that can then be actively reverted to cytosine through iterative oxidation and thymine DNA glycosylase (TDG)-mediated base excision repair ([@ref47]; [@ref54]; [@ref113]), which also occurs in neurons ([@ref50]; [@ref61]). Alike DNMTs, TET enzymes were identified to regulate synaptic function. TET1-dependent transcriptional control of activity-regulated genes was shown to be implicated in synaptic plasticity and memory extinction ([@ref86]), whereas TET3 was described to modulate gene expression in response to global synaptic activity changes, thereby affecting homeostatic plasticity ([@ref116]).

So far, studies were mainly focused on excitatory neurons. However, de-regulated expression of DNMTs was observed in patients with neuropsychiatric diseases like schizophrenia ([@ref43]; [@ref88]; [@ref73]; [@ref89]; [@ref7]), associated to defects in the GABAergic system ([@ref73]). This strongly emphasizes a relevance of DNMTs for the function of inhibitory interneurons.

Redundant as well as discrete actions of DNMT1 and DNMT3a in the adult brain are reported in the literature. While in excitatory neurons DNMT1 and DNMT3a were described to have partially redundant functions ([@ref26]), distinct roles of DNMT1 and DNMT3a were suggested by others ([@ref77]; [@ref78]). While DNMT3a seems to be crucial for learning ([@ref77]), DNMT1 appears involved in anxiety ([@ref78]), emphasizing the requirement for detailed inspection. We here started to approach the relevance of DNMT1-dependent DNA methylation in inhibitory cortical interneuron function by analyzing a conditional knockout (KO) mouse model, in which the gene encoding for DNMT1 was deleted in *Pvalb*-expressing interneurons, the most abundant subset of inhibitory neurons in the cerebral cortex ([@ref21]; [@ref53]; [@ref66]; [@ref5]). *Dnmt1* deletion in these interneurons caused defects in interneuron activity, reminiscent of what was found for DNMT function in excitatory cortical neurons. Correlative transcriptome and methylome analysis of fluorescent activated cell sorting (FACS)-enriched the parvalbumin (PV)-positive cortical interneurons of wild-type (WT) and *Dnmt1* KO mice indicated repressive DNMT1-dependent DNA methylation of genes related to endocytosis. Functional validation experiments confirmed that *Dnmt1* knockdown promotes clathrin-mediated endocytosis and recycling in cell-culture models. In turn, *Tet1* or *Tet3* depletion decreased the levels of clathrin-mediated endocytosis. This suggests an involvement of dynamic DNA methylation in the regulation of clathrin-dependent endocytosis, a process crucial for the regulation of synaptic function ([@ref57]). The physiological relevance of these findings for synaptic transmission was supported by electrophysiological recordings and HPLC measurements of extracellular GABA revealing a DNMT1-dependent modulation of synaptic vesicle replenishment and GABAergic transmission. Moreover, human brain sample analysis pointed to a potential implication of DNA methylation-dependent endocytosis regulation in the pathophysiology of temporal lobe epilepsy (TLE), a disease characterized by abnormal synaptic transmission.

Together, in addition to the most widely accepted connection of DNA methylation-dependent transcriptional control of synapse-associated genes in regulating synaptic function, DNMT1-dependent modulation of endocytosis could represent an additional mechanism for the orchestration of interneuron functionality.

Data and Materials Availability {#sec2}
===============================

RNA- and Methylated DNA Immunoprecipitation (MeDIP)-sequencing data of FAC-sorted *Pvalb-Cre/Dnmt1/tdTomato* samples will be provided on GEO. All other data are available in the main text or the supplementary materials.

Animals {#sec3}
-------

The following mouse strains were used: C57BL/6 WT mice and transgenic mice on the C57BL/6 background including *Pvalb-Cre/tdTomato/Dnmt1* WT as well as *Pvalb-Cre/tdTomato/Dnmt1 loxP^2^* mice. The transgenic mice were established by crossing the *Pvalb-Cre* line (obtained from Christian Huebner, University Hospital Jena, Germany and described in [@ref42])) with the *tdTomato* transgenic reporter mice (obtained from Christian Hübner, University Hospital Jena, Germany and described in [@ref69])) and *Dnmt1* floxP^2^ mice, (B6;129Sv-Dnmt1^tm4Jae^/J, Jaenisch laboratory, Whitehead Institute; USA; [@ref48])). The *Dnmt1* floxP^2^ mice have LoxP-sites flanking exons 4 and 5 of the *Dnmt1* gene. Cre-mediated deletion leads to out-of-frame splicing from exon 3 to exon 6, resulting in a null *Dnmt1* allele ([@ref48]). Transgenic mice are abbreviated as DNMT1 WT (wild-type) and DNMT1 KO (knockout) in the figures. The floxed *Dnmt1* allele was genotyped with forward 5′-GGGCCAGTTGTGTGACTTGG and reverse 3′-CCTGGGCCTGGATCTTGGGGA primer pairs resulting in a 334 bp WT and 368 bp mutant band. The *tdTomato* allele was genotyped using the set of following four primers: WT forward 5′-AAGGGAGCTGCAGTGGAGTA, WT reverse 3′-CCGAAAATCTGTGGGAAGTC, mutant forward 5′-CTGTTCCTGTACGGCATGG, mutant reverse 3′-CTGTTCCTGTACGGCATGG giving WT (297 bp) and mutant (196 bp) bands. The *PV*-*Cre* genotyping was performed by applying 5′-AAACGTTGATGCCGGTGAACGTGC forward and 3′-TAACATTCTCCCACCGTCAGTACG reverse primer resulting in a 214 bp fragment. All animal procedures were performed in strict compliance with the EU directives 86/609/EWG and 2007/526/EG guidelines for animal experiments and were approved by the local government (Thueringer Landesamt, Bad Langensalza, Germany and Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany). Animals were housed under 12 h light/dark conditions with ad libitum access to food and water.

Dissection of Adult Cortical Tissue {#sec4}
-----------------------------------

Mice were deeply anesthetized intraperitoneally with 50% chloral hydrate in phosphate buffered saline (PBS; pH 7.4, 2.5 μg chloral hydrate per g body weight). For immunohistochemistry, brains were perfused with PBS (pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS (pH 7.4). Postfixation occurred over night at 4 °C. Cryoprotection with 10% and 30% sucrose in PBS overnight was applied before freezing in liquid nitrogen and storage at −80 °C.

Tissue collection for HPLC and western blot analysis was also conducted with unfixated cortices, which were weighed before getting transferred into 1 mL of ice cold 1x DEPC-treated H~2~O bidest and homogenized, using a tissue potter ("POTTER S" homogenizer, Braun Biotech International, Germany). Until usage, samples were stored at −80 °C.

Isolation and Primary Cultivation of Dissociated Embryonic Single Cells {#sec5}
-----------------------------------------------------------------------

As already described for adult dissections, pregnant dams were anesthetized by an intraperitoneal injection of 50% chloral hydrate. After death of the dam, all embryos were dissected out of both uterine horns and instantly decapitated. The brain was dissected in ice-cold and sterile filtered Gey's Balanced Salt Solution (GBSS; 1.53 mM CaCl~2~, 3.66 mM KCl, 0.22 mM KH~2~PO~4~, 1.03 mM MgCl~2~ × 6H~2~O, 0.28 mM MgSO~4~ × 7H~2~O, 137.93 mM NaCl, 2.702 mM NaHCO~3~, 0.84 mM Na~2~HPO~4~, and 5.56 mM D(+)-Glucose).

Dissociated embryonic medial ganglionic eminence (MGE)-derived single cells for primary culture were prepared from MGE explants dissected from coronal brain sections according to [@ref118]). Briefly, embryonic brains were prepared in Krebs buffer (126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH~2~PO~4~, 1.2 mM MgCl~2~, 2.1 mM CaCl~2~, 10 mM D(+)-Glucose, and 12.5 mM NaHCO~3~), embedded in 4% low-melt agarose (Carl Roth, Germany) at 37 °C for coronal sectioning with a vibratome at 4 °C. MGE explants were collected in ice-cold Hanks balanced salt solution (HBSS, Invitrogen, USA) supplemented with 0.65% D(+)-Glucose. After incubation with 0.04% trypsin (Invitrogen) in HBSS for 17 min at 37 °C, cells were dissociated by trituration and filtering through nylon gauze (pore size 140 μm; Milipore). Dissociated neurons were plated on coverslips coated with 19 μg/mL laminin (Sigma-Aldrich, Germany) and 10 μg/mL poly-L-lysine (Sigma-Aldrich) at a density of 225 cells/mm^2^ in Neurobasal Medium (Thermo Fisher Scientific, USA) supplemented with 1xB27 (Thermo Fisher Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM GlutaMax (Thermo Fisher Scientific). After incubation at 37 °C, 5% CO~2~ in a humid atmosphere (95% H~2~O) for 7 days in vitro (div), cells were fixed in 4% PFA in PBS (pH 7.4) for 10 min at room temperature.

Transfection with siRNA Oligos {#sec6}
------------------------------

For siRNA transfections of dissociated embryonic MGE cells of C57BL/6 WT mice, neuroblastoma (N2a) cells and cerebellar granular (CB) cells, reverse lipofection with Lipofectamin© 2000 or 3000 (Thermo Fisher Scientific) according to the manufacturer's protocol and as described in [@ref118]) was applied using 15 nM control siRNA (BLOCK-iT Alexa Fluor red or green fluorescent oligo, Invitrogen) and *Dnmt1* siRNA, *Rab11* siRNA (Santa Cruz Biotechnology, USA) or 30 nM of *Tet1*, *Tet2*, or *Tet3* siRNA (Santa Cruz Biotechnology) for 5 h in Opti-MEM I Reduced Serum Medium without antibiotics (Thermo Fisher Scientific). MGE-derived neurons were transfected after 6 div, whereas CB and N2a cells were plated on coverslips 1 day prior to transfection. Cells were cultured overnight at 37 °C, 95% H~2~O and 5% CO~2~ using the aforementioned cell line specific culture medium prior to fixation or transferred in a petri dish inserted in a 37 °C heated chamber filled with HBSS (Thermo Fischer Scientific) supplemented with 0.65% D(+)-Glucose, 10% FBS, 1% GlutaMAX (Thermo Fischer Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 25 μM of HEPES (Thermo Fisher Scientific) for live cell imaging.

Transferrin-Uptake Assay {#sec7}
------------------------

Dissociated MGE cells of E15 C57BL/6 mice were grown on glass coverslips coated with laminin/poly-L-lysine for 1 div prior to transfection with siRNA oligos. Cells transfected with control and/or *Dnmt1*, *Tet1*, *Tet2*, and *Tet3* siRNA were incubated with transferrin-biotin 10 μg/mL biotinylated holo-transferrin (Sigma-Aldrich) in prewarmed aforementioned culture medium and incubated for 2 h according to [@ref3]). Knockdown efficiency of the used siRNAs is depicted in [Figure S3*A*](#sup1){ref-type="supplementary-material"}. Cells were then fixed with 4% PFA in 1xPBS (pH 7.4) for 10 min. The cell surface-bound biotin molecules were quenched in 50 mM NH~4~Cl in 1xPBS (pH 7.4) and permeabilized with TBS with 0.2% Saponin (Sigma-Aldrich). Cells were incubated for 1 h with a Rhodamine Red streptavidin conjugate (Jackson Immunoresearch, USA) in TBS with 0.02% saponin for CB and MGE cells, and Alexa-488 streptavidin conjugate (Jackson Immunoresearch, USA) for N2a cells. Cells were then washed in TBS with 0.02% saponin and stained with 4′,6-Diamidin-2-phenylindol (DAPI) (100 ng/mL in 1xPBS (pH 7.4); Molecular Probes) for 5 min.

For inhibition of clathrin-dependent endocytosis, CB cells were incubated with 25 μM chlorpromazine (CPZ, Sigma-Adrich; [@ref71]; [@ref106]) in culture medium for 30 min at 37 °C prior to the transferrin uptake assay, which was also performed in the presence of 25 μM CPZ. After 2 h, cells were fixed in 4% PFA and treated as described previously.

To determine the impact of DNA-methylation on clathrin-dependent endocytosis, CB and N2a cells were treated with the specific inhibitor RG108 (\[2-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-3-(1H-indol-3-yl) propanoic acid\]; 4 μM, Abcam, USA; [@ref13]; [@ref4]) or 0.04% DMSO in culture medium (as the inhibitor was dissolved in DMSO) for 24 h prior to the transferrin uptake assay, which was also performed in the presence of the inhibitor. After the 2 h, cells were fixed in 4% PFA and treated as described previously.

Quantitative Reverse Transcription PCR {#sec8}
--------------------------------------

RNA was isolated with Trizol^®^Reagent (Life Technologies, USA) according to manufacturer's guidelines and was used for cDNA synthesis using the SuperScript III or SuperScript IV First-Strand Synthesis Systems (Invitrogen). Quantitative PCR reactions for analyzing *Dnmt1*, *Tet1*, *Tet2*, *Tet3*, and *Hprt* quantities were performed using 10 ng cDNA of each sample and the innuMix qPCR DSGreen Standard Mastermix (Jena Analytik) on the qTOWER^3^ G thermocycler (Jena Analytik, Germany). Quantitative PCR reactions for analyzing *Wipf1*, *Zfyve9*, and *Rps29* quantities were performed using 10 ng cDNA of each sample and the iTaq Universal SYBR Green Supermix (BioRad, Germany) on the CFX96 thermocycler (BioRad, Germany). The following primer sequences (indicated as 5′ → 3′) were used: *Dnmt1* forw. GGT GAG CAT CGA TGA GGA GA, rev. GCT GTG ACC CTG GCT AGA TA; *Tet1* forw. CAA CCA GGA AGA GGC GAC, rev. AGT CTG TAG ATT CGT CTT TCA CT; *Tet2* forw. GGT GCC TCC TTT TCT TTT GGT, rev. AGC AAT GAC AGT AGC CAG GT; *Tet3* forw. CAA GTG TGA GGT GCT GAA GA, rev. GTC TTG ACA GTC GCC CCT T; *Hprt* forw. GGC CAG ACT TTG TTG GAT TT, rev. CAG ATT CAA CTT GCG CTC AT; *Rab11* forw. GCA TAC TAT CGT GGA GCA GTA GG, rev. GGA ACT GCC CTG AGA TGA CG; *Wipf1* forw. AAC TAC CCA AGA TGC CTG TCC, rev. TTG TTC AAG GTG GGC TTC TC; *Zfyve9* forw. AAC CCA GGC CAT CAG TAT TCA, rev. CTG GAC CAT GAC TCC ATC TTC TA; *Rps29* forw. GAA GTT CGG CCA GGG TTC C, rev. GAA GCC TAT GTC CTT CGC GT; data were normalized to *Hprt* or *Rps29*. Results were analyzed via the ΔΔCt-method.

Immunocytochemistry of Primary and Immortalized Single Cells {#sec9}
------------------------------------------------------------

N2a and CB cells were washed with 1xPBS/0.2% Triton X-100 for 10 min prior to blocking with 5% normal goat serum in 1xPBS for 1 h. Primary antibodies were applied overnight at 4 °C, secondary antibody for 1 h at room temperature prior to DAPI staining (Molecular Probes) for 5 min.

The following primary antibodies were used: mouse anti-PV (Swant, Switzerland, 1:1000), rabbit anti-DNMT1 (Santa Cruz Biotechnology, 1:100), and mouse anti-RFP (Thermo Fisher Scientific, 1:500).

Following secondary antibodies were applied: goat Alexa 488 anti-mouse (Vector, UK, 1:1000), donkey Dylight 488 anti-rabbit (Jackson Immunoresearch, USA, 1:1000), and goat Cy3 anti-mouse (Jackson Immunoresearch, USA, 1:1000).

Electrophysiology {#sec10}
-----------------

Slice preparation and electrophysiological recordings of the field potential were performed as described previously ([@ref62]). Briefly, after decapitation of mice (8--10 weeks or 23 weeks of age), the brain was quickly removed, placed in ice-cold artificial cerebrospinal fluid (aCSF: 120 mM NaCl, 3.5 mM KCl, 1.3 mM MgSO~4~ × 7 H~2~O, 12.5 mM NaH~2~PO~4~ × H~2~O, 2.5 mM CaCl~2~ × 2 H~2~O, 10 mM D(+)-Glucose, 25 mM NaHCO~3~; and gassed with 5% CO~2~, 95% O~2~) and cut into coronal slices at a vibroslicer (VT 1000S, Leica Instruments). Slices (350 μm) were kept at room temperature in aCSF for at least 1 h until use.

For field-potential recordings, slices were transferred to an interface recording chamber. Slices were allowed to adapt to recording conditions for 1 h (oxygenated aCSF, 32 °C, flow 2--3 mL/min). Bipolar stimulating electrodes with a tip diameter of 100 μm (Science-Products, Germany) were placed onto layer VI of the motor cortex. Upon stimulation (pulse duration 50 μs), field potentials were recorded using glass microelectrodes (impedance 2--5 MΩ, filled with CSF) impaled into the cortical layer II/III of the motor cortex. Amplitudes of field excitatory postsynaptic potentials (fEPSPs) were analyzed. Data from field-potential recordings were collected with an extracellular amplifier (EXT-02, NPI, Germany), low-pass filtered at 4 kHz and digitally stored with a sample frequency of 10 kHz. Data acquisition and analysis were performed using the software Signal (Cambridge Electronic Design, UK). To determine the maximal amplitude of fEPSPs, the stimulus intensity was gradually increased (0--50 V, 5 V increment) for each experiment (interstimulus interval 30 s). The relationship between stimulus intensity and the evoked response was fitted by a sigmoid function: *R*(*i*) = *R*~max~/1 + exp(*i* -- *ih*), where *R*(*i*) is the response at intensity (*i*), *R*~max~ is the maximal response and *ih* is the intensity at which half-maximal response was observed. After determination of the half-maximal stimulus intensity, paired-pulse stimuli were applied with interstimulus intervals of 15, 20, 30, 50, 80, 120, 180, 280, 430, 650, and 1000 ms.

Patch-clamp recordings of inhibitory postsynaptic currents (mIPSCs) in pyramidal neurons of motor cortex were performed in a submerged recording chamber mounted on an upright microscope (BX51WI, Olympus). Slices were continuously superfused with gassed aCSF (2--3 mL/min, 32 °C, pH 7.3). mIPSCs were recorded at a holding potential of −70 mV for at least 5 min in aCSF. Data analysis was performed off-line with the detection threshold levels set to 5 pA for mIPSCs. Recordings of mIPSCs were performed using a CsCl-based intracellular solution: 122 mM CsCl, 8 mM NaCl, 0.2 mM MgCl2, 10 mM HEPES, 2 mM EGTA, 2 mM Mg-ATP, 0.5 mM Na-GTP, 10 mM QX-314 \[N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bromide\], and pH adjusted to 7.3 with CsOH. dl-APV (30 μM), CNQX (10 μM), and tetrodotoxin (0.5 μM) were added to the perfusate. The following parameters were determined: frequency and peak amplitude.

Vesicle depletion measurements were conducted as previously reported ([@ref29]). Whole-cell patch-clamp experiments for measurements of extracellular evoked IPSCs were performed on cortical pyramidal neurons of 13--18-weeks-old male or female *PV-Cre/tdTomato/Dnmt1 loxP^2^* mice and *PV-Cre/tdTomato/Dnmt1* WT. Animals were anesthetized using isoflurane and afterward decapitated. Brains were gently removed and prepared for slicing in an ice-cold cutting solution containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH~2~PO~4~, 25 mM NaHCO~3~, 25 mM D(+)-Glucose, 2 mM MgCl~2~, and 1 mM CaCl~2~. During all experiments, slices were continuously perfused with carbogen (95% O~2~ and 5% CO~2~). The frontal part of the brain was removed and coronal slices of 300 μm of the visual cortex were cut with a Leica vibratome at an angle of 15°. Before an experiment was started, slices had to rest for 30 min at 35 °C. Afterward slices were stored at room temperature. Recordings were performed at a temperature of 30--34 °C while slices were perfused with oxygenated aCSF (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH~2~PO~4~, 25 mM NaHCO~3~, 25 mM D(+)-Glucose, 1 mM MgCl~2~, and 2 mM CaCl~2~). Recordings were obtained with an amplifier (ELC-03-XS, npi electronics, Germany). Data were low-pass filtered at 10 kHz and digitized at a sampling rate of 20 kHz using a data acquisition board (PCIe 6143, National Instruments) on a Windows-based Computer (Dell). Recordings were made with the custom written program Wavesurfer (version 0.961, Janelia, Howard Hughes Medical Institute). Extracellular stimulation was generated with an isolated stimulator (Digitimer Ltd model DS2A) connected to a large tip patch-clamp electrode. Borosilicate glass pipettes (diameter outside 1.05, inside 1.50, and length 100 mm) with a resistance of 6--9 MΩ were filled with 135 mM K-gluconate, 4 mM KCl, 10 mM HEPES, 4 mM MgATP, and 0.3 mM GTP. Glass pipettes were used to perform whole-cell somatic current recordings from layer II/III pyramidal neurons. Pyramidal neurons were identified according to their pattern of firing in response to depolarizing current steps (500 ms duration). Inhibitory synaptic currents were recorded at a holding potential of 0 mV in the presence of the AMPA/kainate receptor antagonist DNQX (10 μM) and NMDA receptor antagonist APV (30 μM) to block EPSCs. IPSC current amplitudes were determined in Matlab with custom-written software. Vesicle pool size was calculated as described before ([@ref92]). Data are presented as mean ± SEM if not indicated otherwise. For statistical analysis, a nonparametric Wilcoxon--Mann--Whitney test was performed.

Isolation and Dissociation of Adult Cortical Neurons for FACS {#sec11}
-------------------------------------------------------------

The optimized protocol used to collect the material for DNA- and RNA-sequencing was modified based on different protocols ([@ref11]; [@ref22]; [@ref12]; [@ref90]). Adult brains were dissected in GBSS (1.53 mM CaCl~2~, 3.66 mM KCl, 0.22 mM KH~2~PO~4~, 1.03 mM MgCl~2~ × 6H~2~O, 0.28 mM MgSO~4~ × 7H~2~O, 137.93 mM NaCl, 2.7 mM NaHCO~3~, 0.84 mM Na~2~HPO~4~, 5.56 mM D(+)-Glucose, pH 7.4) supplemented with 0.65% D(+)-Glucose. Cortical hemispheres were dissected and subsequently handled separately. All following volumes are calculated per cortical hemisphere, which were cut into small pieces and transferred to 5 mL HBSS w/o Ca^2+^ and Mg^2+^ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.65% D(+)-Glucose and washed twice. The tissue was then transferred to 5 mL prewarmed (20 min at 37 °C) trypsin/EDTA (Life technologies) supplemented with 132 mM trehalose (Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL streptomycin, 10 mM HEPES, and 600 U DNase (Applichem, Germany) and incubated for 30 min at 37 °C, rotating the samples every 5 min. Samples were washed with 2.1 mL prewarmed DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose. After adding 0.9 mL prewarmed HBSS containing 10 mg/mL collagenase type 2 (Worthington, Great Britain) samples were incubated for 25 min at 37 °C rotating every 5 min and then washed with 2 mL prewarmed DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 3.3 mM EDTA, and 132 mM trehalose prior to cool down on ice for 2 min. Dissolving of samples occurred in 1.5 mL DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose. Trituration was performed using fire-polished and heat-treated (180 °C for 8 h) glass capillaries of three different diameters (about 500; 250; and 100 μm), which were coated with DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin prior to use. Mechanical dissociation was performed by pipetting up and down gently 3--5 times for each diameter starting with the largest diameter, avoiding air bubbles. After each step, the supernatant was collected in 1 mL DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 132 mM trehalose was added to the original sample. After trituration with the smallest glass capillary, suspension was filtered through nylon gauze (80--100 μm) and centrifuged for 5 min at 160 × *g*, 4 °C. After supernatant removal, the pellet was dissolved in 4 mL HBSS w/o Ca^2+^ and Mg^2+^ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose, and 132 mM trehalose. After centrifugation (5 min, 160 × *g*, 4 °C), the pellet was dissolved in 1 x PBS (pH 7.4) with 30% Percoll (Sigma-Aldrich) and 132 mM trehalose to perform a density gradient centrifugation for 10 min at 500 × *g* and 4 °C. The supernatant was removed and the pellet was dissolved in 250 μL HBSS w/o Ca^2+^ and Mg^2+^ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose, and 132 mM trehalose for FACS. The nonoptimized protocol was performed accordingly without trehalose in the buffers and skipping the collagenase treatment as well as percoll density centrifugation step.

FACS Enrichment of tdTomato Cells {#sec12}
---------------------------------

Cell suspensions subjected to FACS were prepared from the cortical hemispheres of adult 6-months old *PV-Cre/tdTomato/Dnmt1* WT as well as *PV-Cre/tdTomato/Dnmt1 loxP^2^* mice. Following the addition of DAPI, cells were sorted using an ARIA III FACS sorter (BD Biosciences, USA) with the maximal flow rate of six. The tdTomato reporter was excited by a 561 nm yellow/green solid-state laser and emission signal was detected in a range of 579--593 nm. According to their forward scatter/side scatter (FSC/SSC) criteria followed by cell doublet exclusion via a FSC-H versus FSC-W criterium, DAPI-negative living cells were sorted based on a distinctive tdTomato signal. Cells of interest were collected in HBSS w/o Ca^2+^ and Mg^2+^ supplemented with 7 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.65% D(+)-Glucose, and 132 mM trehalose at 4 °C and pelleted by centrifugation (10 min at 10 000 × *g*, 4 °C). Enriched tdTomato cells of one hemisphere were prepared for RNA-sequencing, while cells of the contralateral hemisphere were subjected to DNA-isolation for MeDIP-sequencing for each brain used. For RNA isolation, pellets were dissolved in 500 μL Trizol® Reagent (Life Technologies) and subsequentially frozen on dry ice. For MeDIP-Seq analysis, cell pellets were frozen at −80 °C until further use. Only male mice were used for RNA and MeDIP sequencing.

RNA/DNA Isolation of Adult Tissue and FAC-Sorted Cells {#sec13}
------------------------------------------------------

Adult cortical hemispheres were dissected from whole brain and frozen in liquid nitrogen as described above. For RNA-sequencing, the tissue was subjected to standard RNA isolation procedure using Trizol® Reagent (Life Technologies). The FACS-enriched tdTomato cells were processed accordingly, with additional application of GlycoBlue (Thermo Fisher Scientific) to a final concentration of 0.2% during RNA precipitation for better visualization of the pellet.

DNA isolation of FACS-enriched tdTomato cells was performed using QIAamp DNA Micro Kit (Quiagen, Germany) according to manufacturer's instruction and checked for integrity by capillary gel electrophoresis (Bioanalyzer, Agilent Technologies, Inc., USA).

RNA and MeDip Sequencing of FACS-Enriched tdTomato Cells {#sec14}
--------------------------------------------------------

RNA was isolated following the Trizol® Reagent protocol according to manufacturer's instructions. RNA quality was assessed by measuring the RIN (RNA Integrity Number) using the fragment analyzer from Advanced Analytical (USA). Library preparation for RNA-Seq was performed applying the TruSeq RNA Sample Prep Kit v2 (Illumina, Cat. N°RS-122-2002, USA) starting from 50 ng of total RNA. Accurate quantitation of cDNA libraries was performed by using the QuantiFluor dsDNA System (Promega, USA). The size range of final cDNA libraries was determined applying the DNA chip on the fragment analyzer (average 350 bp; Advanced Analytical). cDNA libraries were amplified and sequenced by using the cBot and HiSeq2000 from Illumina (SR; 1 × 50 bp; \~30--40 million reads per sample). Sequence images were transformed with Illumina software BaseCaller to bcl files, which were demultiplexed to fastq files with CASAVA v1.8.2. Quality check was done via fastqc (v. 0.10.0, Babraham Bioinformatics, UK). Read alignment was performed using STAR (v2.3.0; [@ref20]) to the mm10 reference genome. Data were converted and sorted by samtools 0.1.19 and reads per gene were counted via htseq version 0.5.4.p3. Sequencing data will be deposited in NCBI's Gene Expression Omnibus, and are accessible through GEO Series upon acceptance of the manuscript.

For genome-wide methylation analysis, we applied immunoprecipitation methods for the enrichment of 5-methylcytosines. Specifically, 100 ng of genomic DNA were used as starting material. The methylated-DNA IP kit from zymo research (Zymo Research Corp., D5101, USA) was applied according to manufacturer's instructions. The product of the IP and control reaction was then used for preparation of Illumina compatible libraries according to the TruSeq Nano DNA Library Prep Kit (Cat. N° FC-121-4001). Libraries were sequenced on a HiSeq 2000 yielding 50 bp single end reads. The sequencing reads were demultiplexed using the Illumina CASAVA tool and sequence quality was checked using FASTQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). The reads were then aligned to the genome of *Mus musculus* (mm10) using Bowtie 2 (versions 2.0.2) with standard parameters. Differentially methylated regions were identified using the MEDIPS package for R (version 1.16.0; [@ref63]) with a window size of 700 bp and a minimum coverage of 5% of the window length. A detailed description of the analysis pipeline can be found in [@ref37]).

Analysis of Mouse Sequencing Data {#sec15}
---------------------------------

Normalization of raw counts and differential gene expression analysis were performed using the DESeq2 R package (v 1.12.3; [@ref67]). Genes were considered differentially expressed with a Benjamini-Hochberg adjusted *P* value *P* \< 0.05.

For the gene list overlaps between differentially expressed and methylated genes, it was considered that several differentially methylated sites may be annotated to one gene and were quantified using the Jaccard coefficient. Absolute numbers of differentially methylated genes were determined without regard to multiple sites of differential methylation. Significance of enrichment of methylated genes was calculated using Fisher's Exact test.

Gene lists were submitted to the Database for Annotation, Visualization and Integrated Discovery (DAVID, <https://david.ncifcrf.gov>) for gene ontology (GO) or KEGG pathway term enrichment analysis. Results of GO enrichment analysis were visualized in a bar diagram including the respective Benjamini-Hochberg corrected *P* value, the number of genes, and the enrichment fold change included in a certain term. Heat maps were generated using R package pheatmap (<https://CRAN.R-project.org/package=pheatmap>). For heat maps showing comparison between two datasets, data were normalized to WT and log2 fold-change to KO is depicted. KEGG pathway was visualized using R package pathview ([@ref68]).

Human TLE Patients {#sec16}
------------------

Biopsies of human hippocampal tissue of 115 patients with chronic pharmacoresistant TLE, who underwent surgical treatment in the Epilepsy Surgery Program at the University of Bonn Medical Center were selected for gene expression and DNA methylation analysis. In all patients, presurgical evaluation using a combination of noninvasive and invasive procedures revealed that seizures originated in the mesial temporal lobe ([@ref55]). All procedures were conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the University of Bonn Medical Center. Informed written consent was obtained from all patients. Clinical characteristics of the TLE patients are described in [Table S4](#sup8){ref-type="supplementary-material"}.

Human mRNA Expression and DNA Methylation analysis {#sec17}
--------------------------------------------------

Sample preparation and data analysis of the human hippocampi were performed as described previously ([@ref49]; [@ref104]; [@ref93]). Expression data for the selected endocytosis genes were analyzed by Illumina's GenomeStudio Gene Expression Module and normalized using Illumina BeadStudio software suite by quantile normalization with background subtraction. DNA methylation data were prepared using bisulfite converted genomic DNA (Zymo EZ DNA Methylation kit \#D5001; Zymo Research Corp.) on the Illumina (San Diego, CA, USA). Data analysis was done using GenomeStudio version 2011.1 and the HumanMethylation450 manifest version 1 (Illumina, [@ref93]). For genes annotated in endocytosis-related terms, the correlation and significance were calculated, followed by the fold-change expression between low (1 seizure/month) and high seizures (150 seizures/month) for all significant correlated genes.

Methylation profiles for *Wipf1* were mapped to human (hg19) and mouse (mm10) reference genome on UCSC genome browser, and orthologue mapping was extracted from ensemble database.

Microscopy and Image Data Analysis {#sec18}
----------------------------------

Immunohistochemistry staining of adult tissue sections or immunocytochemistry of stained cell culture was taken either with an inverted confocal laser scanning microscope TCS SP5 (Leica Microsystems, Germany) or with an inverted transmitted-light microscope Axio Cellobserver Z1 equipped with MosaiX module for tile scanning and Apotome for confocal like imaging (Carl Zeiss Microscopy, Germany). Photographs were analyzed using the free Fiji software ([@ref91]).

Analysis of cell number in adult sections and in cell culture was performed with Fiji cell counter plugin. Counted cell numbers in section analysis were normalized to the area of the counted region. For cell-culture experiments, the ratio to DAPI positive cells per picture was calculated. In case of double labeling, the percentage of colocalization was measured.

For fluorescence intensity measurement, each experimental design was imaged at one particular microscope with same settings regarding exposure time and light intensity at the CellObserver Z1 or laser power, gain, and spectral settings at the SP5 LSM. Fluorescence intensity measurement of the processes of the cells was applied for the transferrin assay. For each picture, background correction was performed subtracting the mean fluorescent intensity from three background areas. Mean fluorescent intensity of the *Dnmt1* siRNA treated cells was normalized to control siRNA. Photoshop CC was applied for image illustration. Boxplots were plotted using R. Significance was analyzed with two-tailed Student's *t*-test or two-way ANOVA. Significance levels: *P* value \< 0.05^\*^; *P* value \< 0.01^\*\*^; and *P* value \< 0.001^\*\*\*^.

![*Dnmt1* deficiency in *Pvalb*-expressing interneurons causes alterations in cortical inhibition. (*A--C*) Intracellular patch-clamp recordings (mIPSCs) of deep layer pyramidal cells of *Pvalb-Cre/tdTomato/Dnmt1 loxP^2^* (KO) and WT mice (two-way ANOVA, ^\*\*^*P* \< 0.01; *n* = 8 cells of *N* = 3 brains per genotype). (*D*, *E*) Extracellular field recordings in the motor cortex of acute brain slices from 12-weeks-old *Pvalb-Cre/tdTomato/Dnmt1 loxP^2^* (KO) and WT mice (two-way ANOVA, ^\*^*P* \< 0.05; *n* = 9 slices for WT and *n* = 12 slices for KO; *N* = 3 different brains per genotype).](bhaa009f1){#f1}

Results {#sec19}
=======

Cortical Inhibition is Affected by *Dnmt1* Deletion {#sec20}
---------------------------------------------------

Inhibitory GABA-positive forebrain interneurons are elementary key players in cortical information processing, plasticity as well as learning and memory formation ([@ref40]; [@ref58]). Albeit they prominently express DNMT1 at adult stages ([@ref51]), nothing is known about the implications of DNMT1 in regulating synaptic function in these neurons. As disturbed GABAergic transmission, often associated with defective DNMT expression and function, is implicated in a wide range of neuropsychiatric diseases like schizophrenia or epilepsy ([@ref72]), we here approached the role of DNMT1-dependent DNA methylation in the regulation of synaptic function in adult inhibitory cortical interneurons. For this, we established a conditional KO mouse model, in which the gene encoding for DNMT1 was deleted in *Pvalb*-expressing interneurons ([Fig. S1*A*--*G*](#sup1){ref-type="supplementary-material"}; *Pvalb*-Cre/*tdTomato/Dnmt1 loxP^2^* mice with *Pvalb-*Cre*/tdTomato* mice used as WT controls), the most abundant subset of inhibitory neurons in the forebrain ([@ref53]; [@ref66]). *Pvalb* expression starts from the fifth week of life ([@ref69]). Hence, interneuron development, shown to depend on DNMT1 function ([@ref84]), is not affected by *Dnmt1* deletion in these mice.

Reminiscent of [@ref76]) reporting increased frequencies of mEPSCs upon DNMT inhibition, we found augmented frequencies of mIPSCs in excitatory principal cortical neurons in *Pvalb*-Cre/*tdTomato/Dnmt1 loxP^2^* brain slices, pointing to changes in presynaptic function of inhibitory interneurons ([Figure 1*A*--*C*](#f1){ref-type="fig"}). Consistently, we detected elevated extracellular GABA concentrations measured by HPLC in the cortices of *Dnmt1*-deficient mice, while the overall interneuron number was unchanged ([Fig. S1*H*--*I*](#sup1){ref-type="supplementary-material"}). This points to increased GABA release, which fits to the reduced amplitudes of field potentials measured at higher stimulus intensities ([Fig. 1*D*,*E*](#f1){ref-type="fig"}). Hence, corresponding to what was described for excitatory neurons ([@ref59]; [@ref80]; [@ref98]), our data indicate a role of DNMT1 in the modulation of synaptic transmission in inhibitory cortical interneurons.

Correlative Transcriptome and Methylome Analysis of FAC-Sorted Cortical Interneurons Propose Endocytosis-Related Genes as DNMT1 Targets {#sec21}
---------------------------------------------------------------------------------------------------------------------------------------

DNMT1 regulates gene expression predominantly through its DNA-methylating activity often correlated with transcriptional repression ([@ref8]; [@ref85]). To investigate in detail how DNMT1 acts on GABAergic transmission, we aimed to identify target genes by correlative global methylome and transcriptome analysis of *Dnmt1*-deficient and WT interneurons that were enriched by fluorescence-activated cell sorting (validation of the procedure is depicted in [Fig. S2*A--H*](#f3){ref-type="fig"}).

RNA-sequencing revealed 3868 differentially expressed genes (DEG) in *Pvalb-Cre/tdTomato/Dnmt1* KO interneurons, of which a significant number (645 genes; 16.7% of all DEG) showed simultaneously differential methylation (DMG; [Fig. 2*A*--*D*](#f2){ref-type="fig"}; [Table S1](#f5){ref-type="fig"}; *P* = 2.2*E* − 16, Fisher's Exact test for gene set enrichment analysis; enrichment fold-change Fc = 0.434). Consistent with the known function of DNMT1 performing repressive DNA methylation, decreased average methylation levels for genes that are upregulated in expression were identified in consequence of *Dnmt1* deletion ([Fig. 2*C*](#f2){ref-type="fig"}). For the majority of the genes altered in expression and DNA methylation (72.2%), we determined an inverse correlation of changes in DNA methylation and expression level (upper left and lower right quadrant in [Fig. 2*E*](#f2){ref-type="fig"}). Of note, differential methylation mostly affects gene bodies ([Fig. 2*C*,*F*](#f2){ref-type="fig"}, exons and introns). Genes found increased in expression and reduced in DNA methylation levels (lower right quadrant in [Fig. 2*E*](#f2){ref-type="fig"}) represent potential targets of repressive DNA methylation-dependent gene regulation by DNMT1 in WTs. Functionally, as revealed by GO-enrichment and KEGG-pathway analysis, many of these genes were associated to membrane, endocytosis, and endosomes ([Figs 2*G*,*H*](#f2){ref-type="fig"} and [S2*I*](#f4){ref-type="fig"}, Table S2), with the highest enrichment fold-changes obtained for the GO terms endocytosis and early endosome membrane ([Fig. 2*G*](#f4){ref-type="fig"}). In particular, genes relevant for clathrin-dependent endocytosis like *Cltc* and *Dnm3* were increased in expression and reduced in methylation in *Dnmt1*-deficient interneurons ([Figs 2*H*](#f2){ref-type="fig"} and [S2*I*](#f4){ref-type="fig"}, [Table S2](#sup6){ref-type="supplementary-material"}). A potential function of DNMT1 in regulating endocytosis is reinforced by GO analysis of all significantly up-regulated genes upon *Dnmt1* deletion irrespective of changes in their methylation level ([Fig. 2*I*](#f2){ref-type="fig"}).

![*Dnmt1* deficiency in *Pvalb*-expressing interneurons causes changes in the expression and DNA methylation of endocytosis-related genes. (*A*) PCA plot of FAC-sorted *Pvalb*-Cre/*tdTomato Dnmt1* WT and *Pvalb*-Cre/*tdTomato Dnmt1* KO samples analyzed by RNA sequencing. Pooled samples from *N* = 6 mice per genotype (6 months) were analyzed in technical duplicates. (*B*) Volcano plot of transcriptional changes between WT and KO cortical interneurons determined by RNA-sequencing (Benjamini-adjusted *P* \< 0.05; fold change \> 2 for colored labeled genes). (*C*) Methylation plot of the average methylation levels of upregulated genes (DEG) in adult KO (dark gray) compared with WT interneurons (light gray; TSS = transcription start site, TES = transcription end site). (*D*) Venn diagram of differentially expressed (DEG) and methylated genes (DMG; *P* = 2.2E-16; Fisher's Exact test). (*E*) Scatter plot of genes with simultaneously altered expression and DNA methylation (*P* \< 0.05; Benjamini adjusted) upon *Dnmt1* deletion. (*F*) Plotting the frequency of differentially methylated sites comparing 6-months-old *Dnmt1* KO and WT interneurons against genomic regions (black graph: considering all genes showing differential methylation; gray graph: considering all genes that were simultaneously differentially expressed and methylated between KO and WT interneurons). Exon_Intron refers to sites spanning the splice site. (*G*) Bar plot of GO and *KEGG* pathway (red labeled term) analysis of all genes found increased in expression and decreased in DNA methylation in KO (*P* \< 0.05; Benjamini adjusted). (*H*) Heat-map of DEG and DMG extracted from the KEGG pathway and GO term endocytosis (for KEGG pathway see also [Fig. S2*I*](#f3){ref-type="fig"}). Depicted are the changes in the KO samples normalized to WT values for DEG and individual differentially methylated sites (DMS). (*I*) Bar plot of GO terms found significantly enriched for the genes that were upregulated upon *Dnmt1* deletion in adult *Pvalb*-Cre-expressing cortical interneurons.](bhaa009f2){#f2}

In contrast to endocytosis-related genes, most of synaptic activity and transmission-associated genes collected in GO categories like synapse, postsynaptic membrane, or chemical synaptic transmission were down-regulated upon *Dnmt1* deletion ([Fig. 3*A*](#f3){ref-type="fig"}). Similarly, most genes of the GO terms voltage-gated ion channels, solute carriers, and glutamate receptors, relevant for synaptic transmission, were also decreased in expression in the KO samples ([Fig. 3*B*,*C*](#f3){ref-type="fig"}). Transcriptional down-regulation points to indirect or secondary effects of *Dnmt1*-deletion. We already reported that a crosstalk of DNMT1 with histone modifying complexes regulates crucial aspects of cortical interneuron development ([@ref100]). DNMT1 modulates histone modifications by regulating the transcription of genes encoding for the enzyme complexes as well as by interacting with histone modifying enzymes at protein level in neuronal and non-neuronal cells (reviewed in [@ref101])). Such noncanonical actions of DNMT1 could also play a role in adult interneurons. In support of this, histone modification-associated genes are changed in transcription in *Dnmt1*-deficient interneurons ([Table S3](#sup7){ref-type="supplementary-material"}). Some of the solute carrier, glutamate receptor and voltage-gated ion channel-related genes revealed to be changed in expression also show altered methylation levels after *Dnmt1* deletion. However, many of them even displayed increased methylation levels ([Fig. 3*B*](#f3){ref-type="fig"}, blue dots in upper left quadrant). This could be explained by potential compensatory actions of DNMT3a. As we did not detect significantly altered *Dnmt3a* levels in *Dnmt1*-deficient interneurons ([Fig. S2*J*](#f3){ref-type="fig"}), these might occur independently of its transcriptional regulation. In contrast to *Dnmt3a*, various other genes related to DNA methylation and demethylation processes are changed in expression in *Dnmt1*-deficient cells ([Table S3](#sup7){ref-type="supplementary-material"}), which can elicit diverse changes in methylation profiles. However, within the scope of this study, we aimed to analyze putative targets of repressive DNA methylation executed by DNMT1. Hence, for further analysis, we focused on genes that were increased in expression and reduced in methylation for further analysis, among which endocytosis-related genes were significantly enriched. As defective endocytosis induced by loss of *Dnm1* (encoding for Dynamin 1) was reported to affect inhibition by impairing synaptic vesicle recycling ([@ref27]), we next validated DNMT1-dependent endocytosis regulation.

![Synapse-related genes are downregulated by *Dnmt1* deletion in PV interneurons, and only few are changed in their DNA methylation level. (*A*) GO terms found significantly enriched for the genes that were down-regulated upon *Dnmt1* deletion in adult *Pvalb*-Cre-expressing cortical interneurons. (*B*) Scatter plot illustrating the differential methylation and gene expression between adult FACS-enriched *PV-Cre/tdTomato/Dnmt1 loxP^2^* (KO) and WT cells with positive ratios representing an upregulation of gene expression and increased methylation levels in KO samples. Solute carrier, glutamate receptors, and voltage-gated ion channels-related genes as determined by GO analysis are highlighted by the different graded bluish colored dots. (*C*) Heat-map illustrating transcriptional changes of significantly expressed genes between WT and KO interneurons collected in the GO-term voltage gated ion channels. Changes in expression in KO samples were normalized to WT levels (*P* \< 0.05, Benjamini adjusted). Number *n* = 6 hemispheres of six different mice per genotype for RNA-Seq and MeDIP-Seq. WT: wild-type; KO: knockout.](bhaa009f3){#f3}

DNMT1 Regulates Clathrin-Mediated Endocytosis and Endosomal Recycling {#sec22}
---------------------------------------------------------------------

To functionally validate a DNMT1-dependent modulation of clathrin-mediated endocytosis, we performed the transferrin uptake assay in dissociated primary cells from the embryonic MGE. Embryonic MGE-derived cells, known to represent the major source of PV-positive cortical interneurons ([@ref53]), express *Dnmt1* ([@ref84]) and display a maturing GABAergic identity with prominent neurite outgrowth and distinguished axons after 7 div ([Fig. S3*B*--*G*](#sup1){ref-type="supplementary-material"}).

Consistent with the decreased methylation and increased expression of endocytosis-related genes in *Dnmt1*-deficient cortical interneurons ([Fig. 2*G*,*H*](#sup1){ref-type="supplementary-material"}), in vitro depletion of *Dnmt1* by siRNA oligos elicited an elevation of clathrin-dependent uptake of biotinylated transferrin in MGE-derived embryonic interneurons ([Fig. 4*A*--*C*](#sup1){ref-type="supplementary-material"}). Similar results were obtained when we depleted *Dnmt1* in immortalized CB and neuroblastoma (N2a) cells ([Fig. S4*A*--*C*](#sup1){ref-type="supplementary-material"}), as well as upon treatment with the selective inhibitor RG108 that interacts with the active site of DNMT1, and thereby inhibits DNA methylation ([Fig. S4*F*--*H*](#sup1){ref-type="supplementary-material"}; [@ref13]; [@ref4]). In turn, blocking clathrin-dependent endocytosis with the specific inhibitor CPZ ([@ref71]; [@ref106]) reversed the *Dnmt1* siRNA-induced elevation of transferrin uptake ([Fig. S4*I*--*K*](#sup1){ref-type="supplementary-material"}).

![DNMT1, TET1, and TET3 regulate clathrin-dependent endocytosis in vitro and Dnmt1 deletion affects synaptic vesicle recycling. (*A--C*) Transferrin-uptake assay with dissociated MGE cells (E15 + 7 div) transfected with control (*A*, *n* = 20) or *Dnmt1* siRNA (*B*, *n* = 19 cells). Fluorescence intensities are illustrated as color-coded heat-maps (thermal LUT) and quantified in *C*. (*D--H*) Transferrin-uptake in MGE-derived cells treated with control (*D*, *n* = 100), *Tet1* (*E*, *n* = 70 cells), *Tet2* (*F*, *n* = 70 cells) or *Tet3* siRNA (*G*, *n* = 73 cells) illustrated as thermal LUT and quantified in *H*. Student's *t*-test, ^\*\*\*^*P* \< 0.001. (*I*) *Dnmt1* and *Tet1* depletion in CB cells had contrary effects on the expression levels of the endocytosis-related genes *Wipf1* and *Zfyve9* as measured by qPCR normalized against *Rps29*; *N* = 3. (*J*) Example of averaged traces measured for extracellular evoked IPSCs from layer II/III pyramidal neurons in brain slices of *Dnmt1*-deficient mice. Averaged baseline and recovery IPSCs of 10 responses obtained at a frequency of 0.2 Hz and vesicular depletion responses during a 10 Hz stimulus train (averaged trace of 270 responses). (*K*) Comparison of synaptic depletion. Each circle represents the average of all IPSC amplitudes from *Pvalb-Cre/tdTomato/Dnmt1 loxP^2^* (KO) (*n* = 4; red symbols) or *Pvalb-Cre/tdTomato* WT mice (*n* = 7). (*L*) Mean IPSC amplitude in the steady state and recovery phase. Whitney *U* test*,*^\*\*\*^*P* \< 0.001, ^\*\*^*P* \< 0.01, and *^\*^P* \< 0.05. th. LUT: thermal LUT; biot. TR: biotinylated transferrin; ctrl: control; and siR: siRNA. Scale bars: 5 μm in (*A*, *B*, *D*--*G*).](bhaa009f4){#f4}

Depletion of *Tet1* and *Tet3* Caused Reduced Levels of Clathrin-Mediated Endocytosis {#sec23}
-------------------------------------------------------------------------------------

DNA methylation patterns are highly dynamic in differentiating as well as adult neurons shaping the genomic landscape during brain development and adult function ([@ref65]). Indeed, methylated cytosines can be actively reverted to unmodified cytosines through TET-mediated mechanisms ([@ref32]; [@ref113]). Hence, we next wondered whether endocytic rates can likewise be modulated by TET-dependent actions. For this, we depleted *Tet1*, *Tet2*, and *Tet3* expression in MGE cells using sequence-specific siRNA oligos and performed the transferrin uptake assay, resulting in a significant reduction of endocytosed transferrin upon *Tet1* and *Tet3* depletion ([Fig. 4*D*--*H*](#f4){ref-type="fig"}). Consistently, we revealed for *Wipf1* and *Zfyve9*, two endocytosis-related genes found up-regulated in expression and reduced in methylation in *Dnmt1*-deficient interneurons ([Fig. 2*H*](#f2){ref-type="fig"}), contrary expression changes in response to *Dnmt1* and *Tet1* siRNA in CB cells ([Fig. 4*I*](#f4){ref-type="fig"}), which we used as a model system due to the unavailability of *Tet* KO mice. While *Dnmt1* siRNA elicited a significant increase in expression levels, *Tet1* siRNA had the opposite effect on the expression of both genes ([Fig. 4*I*](#f4){ref-type="fig"}). This is in line with reduced levels of endocytosed transferrin upon *Tet1* siRNA treatment, which we determined for these cells ([Fig. S4*D*--*E*](#sup1){ref-type="supplementary-material"}). In sum, this points to a responsiveness of clathrin-mediated endocytosis towards TET-dependent actions and proposes an implication of dynamic DNA methylation in the fine-tuning of clathrin-mediated endocytosis through the regulation of associated genes.

DNMT1 Affects the Replenishment of Synaptic Vesicles {#sec24}
----------------------------------------------------

Endocytosis at synapses is implicated in synaptic vesicle replenishment, thereby influencing synaptic transmission ([@ref57]). Hence, DNMT1 could influence GABAergic transmission by acting on endocytosis-mediated recycling of synaptic vesicles. In support of this, we found that the elevated levels of endocytosis induced by *Dnmt1* depletion are accompanied by augmented recycling back to the membrane and subsequent exocytosis ([Fig. S4*L*--*O*](#sup1){ref-type="supplementary-material"}), as shown by the pulse-chase assay commonly used to investigate endocytic-based recycling of transferrin ([@ref114]). Together, this suggests an important role of DNA methylation in endocytosis regulation and downstream processes across different neuronal cell types.

To validate whether DNMT1 indeed affects synaptic vesicle replenishment, patch-clamp recordings were performed in pyramidal neurons of layer II/III in slices from *Pvalb*-Cre/*tdTomato/Dnmt1 loxP^2^* and WT mice to measure the recovery of IPSCs after vesicle depletion induced by repeated extracellular stimulations ([Fig. 4*J*--*L*](#sup1){ref-type="supplementary-material"}). While the comparison of the vesicle pool size at 10 Hz revealed no significant difference between KO (13 ± 1.95) and WT mice (18.41 ± 2.93; normalized units), the recovery of IPSCs was improved in the KO mice ([Fig. 4*K*,*L*](#f4){ref-type="fig"}). This points to enhanced rates of GABAergic synaptic vesicle replenishment upon *Dnmt1* deletion. Already during depletion (10 Hz stimulation), IPSC amplitudes were significantly augmented in *Dnmt1*-deficient mice compared with WTs, suggesting a shift in the baseline due to permanently improved replenishment ([Fig. 4*K*,*L*](#f4){ref-type="fig"}). These data are coherent with the increased frequencies of mIPSCs detected in *Pvalb*-Cre/*tdTomato/Dnmt1 loxP^2^* mice ([Fig. 1*A*](#f1){ref-type="fig"}--*C*) and suggest an elevated GABAergic transmission that might be caused by accelerated vesicle recycling after *Dnmt1* deletion.

Together, we here propose a novel role of DNMT1-dependent DNA methylation in modulating synaptic function by adjusting clathrin-mediated endocytosis. While DNMT1-mediated DNA methylation of endocytosis-related genes appears to act as a brake on vesicle recycling and presumably presynaptic transmission, TET-mediated actions seem to promote endocytic-based processes.

Altered synaptic transmission is known to be implicated in TLE as well as neocortical epilepsies ([@ref52]), and several studies suggest defective synaptic vesicle endocytosis as disease mechanism in epilepsy ([@ref38]). As changes in *Dnmt1* and *Dnmt3a* expression were observed in patients with TLE (reviewed in [@ref41]), we wondered whether the DNA methylation and gene-expression profiles of endocytosis-related genes identified as DNMT1 targets in the mouse model are affected in human hippocampal tissue of TLE patients (clinical parameters of TLE patients are collected in [Table S4](#sup8){ref-type="supplementary-material"}). Indeed, we identified endocytosis-annotated target genes of DNMT1-dependent DNA methylation in mice that displayed a significant correlation between gene expression and seizure rate ([Fig. 5*A*](#f5){ref-type="fig"}), as well as differentially methylated sites in TLE patients when comparing groups of high- versus low-seizure frequencies ([Table S5](#sup9){ref-type="supplementary-material"}). For *Wipf1*, we even identified four differentially methylated CpG sites in human TLE patients with an orthologous differentially methylated site in *Dnmt1*-deficient mice around the promoter region ([Fig. 5*B*,*C*](#f5){ref-type="fig"}). Albeit not orthologous, we found differentially methylated sites for all other genes shown in [Figure 5*A*](#f5){ref-type="fig"} in both, mice and human samples, which are presented in [Table S6](#sup10){ref-type="supplementary-material"}. In line with that, the endocytosis-related genes depicted in [Figure 5*A*](#f5){ref-type="fig"} (except *AP2BP1*) display a significant correlation with *DNMT1* expression levels in the patient samples ([Table S7](#sup11){ref-type="supplementary-material"}). Together, these findings propose another piece to the puzzle of how DNMT1-dependent DNA methylation acts on synapse-specific function, strongly supporting an implication in endocytosis regulation with potential relevance for the pathophysiology of epilepsy.

![A correlation of endocytosis-related gene expression and seizure frequency is observed in hippocampal tissue of patients with TLE. (*A*) Gene expression correlation analysis for human data showing endocytosis-related genes, which are differentially expressed, as well as differentially methylated in both, the human and mouse dataset. (*B*) Correlation analysis for significantly altered CpG sites in the TSS of the *WIPF1* gene (positions shown in *C*) showing a negative correlation of methylation and expression level in TLE patients. (*C*) Orthologue analysis of the methylation profile (red marks) for *WIPF1* revealed similar differentially TSS methylation in the human as well as for the mouse dataset (light blue). Spearman correlation coefficient is shown in *A* and *B*. *N* = 6 mice per genotype were used for RNA- and MeDIP-Seq; WT: wild-type; KO: knockout; and TSS: transcription start site.](bhaa009f5){#f5}

Discussion {#sec25}
==========

Here we describe a novel function of DNMT1-dependent DNA methylation in adjusting clathrin-mediated endocytosis, thereby modulating the synaptic transmission of cortical interneurons in the murine cerebral cortex.

DNMT-dependent DNA methylation is an epigenetic mechanism regulating gene expression during neuronal development, adult function, aging, and disease ([@ref2]). DNMT1 and DNMT3A are the main DNA methyltransferases expressed in the developing and adult nervous system including glutamatergic and GABAergic neurons of the cerebral cortex ([@ref25]; [@ref51]). The role of DNMT1 in neuronal development ranges from astrocytic gene suppression in cortical progenitors during neurogenesis ([@ref24]) over the regulation of cell death and shape of migrating cortical interneurons ([@ref84]) to the control of survival and postmitotic maturation of excitatory cortical neurons ([@ref45]).

Although the methylation of cytosines, often correlated with transcriptional repression ([@ref109]; [@ref85]; [@ref31]), is a chemically stable modification ([@ref113]), active ways of DNA demethylation have been described in postmitotic neurons. This includes TET-mediated iterative oxidation of 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) followed by TDG-mediated excision of 5fC and 5caC coupled to base excision repair ([@ref111], [@ref110], [@ref113]). In the adult central nervous system of mice and humans, 5hmC is present at high levels ([@ref56]; [@ref30]; [@ref65]) and enriched in gene bodies of differentiating and mature neurons ([@ref65]; [@ref36]; [@ref64]). In addition to the function of 5hmC as intermediate in enzyme-catalyzed active DNA demethylation, there is evidence for a positive correlation of 5hmC with transcriptional level, which might be accomplished through crosstalk with histone modifications ([@ref35]; [@ref97]). Together, this underlines the relevance of dynamic gene body DNA methylation for transcriptional control, which was already reported for neurons of the maturing nervous system ([@ref65]; [@ref7]). Consistent with the transcriptional potential of gene body methylation, we detected most DNA methylation changes in gene bodies after *Dnmt1* deletion in cortical interneurons ([Fig. 2*C*,*F*](#f2){ref-type="fig"}).

In addition to aging and developmental processes, emerging evidence points to an important role of DNA methylation and demethylation in neuronal plasticity as well as learning and memory in the adult nervous system, mediated by active DNA demethylation and de novo methylation ([@ref65]; [@ref98]). DNA methylation, which can be modulated by neuronal activity ([@ref32]), affects the expression of genes involved in functional plasticity and synaptic wiring ([@ref37]). In differentiated glutamatergic cortical neurons, DNMT1-dependent DNA methylation was described to contribute to the regulation of synaptic scaling and plasticity ([@ref26]; [@ref76]). Blocking DNMTs affected membrane excitability ([@ref75]) and changed excitatory synaptic transmission ([@ref80]).

In line with that, TET-mediated DNA demethylation controls long-lasting changes in synaptic function and behavior (reviewed in [@ref98])). TET1 was reported to regulate expression of activity-regulated genes, synaptic plasticity, and memory extinction ([@ref86]). TET3-mediated active DNA demethylation is implicated in the regulation of synaptic transmission and surface levels of GluR1 receptors in hippocampal neurons ([@ref116]). Hence, dynamic DNA methylation seems to be crucial for neuronal function and plasticity. Consistently, our data indicate that DNMT1 influences the GABAergic transmission of *Pvalb*-expressing cortical interneurons.

PV-positive GABAergic interneurons perform crucial functions in the cerebral cortex orchestrating cortical oscillation and maintaining cortical network activity ([@ref16]; [@ref96]; [@ref103]; [@ref46]; [@ref115]). Due to their relevance for working memory and cognition ([@ref79]), dysfunctions of PV-interneurons in the prefrontal cortex had been linked to the pathophysiology of schizophrenia ([@ref6]; [@ref60]). In this context, altered DNMT1-dependent gene regulation seems to contribute to the defects in the GABAergic system of schizophrenia patients ([@ref18]; [@ref105]; [@ref87]).

Although we detected transcriptional changes for genes involved in synaptic function and excitability in *Dnmt1*-deficient cortical interneurons, a direct control of interneuron activity through canonical DNMT1 action by repressive DNA methylation of these genes in WTs appeared unlikely. Many of these transcripts displayed reduced expression after *Dnmt1* deletion, and most of the observed transcriptional alterations did not correlate with respective changes in DNA methylation ([Fig. 3](#f3){ref-type="fig"}). This could be explained by indirect effects caused by *Dnmt1* deletion. As DNMT1 was described to interact with histone-modifying complexes ([@ref23]; [@ref107]; [@ref81]), these transcriptional changes could be due to defects in DNMT1-dependent changes in histone modifications, which we previously observed in embryonic interneurons ([@ref100]). Indeed, histone modification-associated genes were altered in transcription in *Dnmt1*-deficient interneurons ([Table S3](#sup7){ref-type="supplementary-material"}), which could lead to indirect effects and which would point to noncanonical DNMT1 actions in WT interneurons that were not investigated here. Of the few synaptic activity-related genes that were indeed affected in both, expression and methylation, the majority displayed an increased methylation and reduced expression level in *Dnmt1*-deficient cells ([Fig. 3*B*](#f3){ref-type="fig"}). One possible explanation for the increased methylation upon *Dnmt1* deletion could be a compensatory DNA methylation-dependent transcriptional control by DNMT3a, which is likewise expressed at high levels in cortical interneurons ([Tables S1](#f5){ref-type="fig"}and[S3](#sup7){ref-type="supplementary-material"}; [@ref51]), but which was not significantly altered in *Dnmt1*-deficient interneurons ([Fig. S2*J*](#f3){ref-type="fig"}). Hence, independent of its own transcriptional dysregulation DNMT3a could act differentially on methylation due to *Dnmt1* deletion, especially as diverse other genes related to DNA methylation and demethylation processes are changed in expression in *Dnmt1*-deficient cells ([Table S3](#sup7){ref-type="supplementary-material"}). Together, these alterations might have diverse effects on the DNA methylation level.

Moreover, apart from the conventional view that transcription factors do not interact with methylated DNA, emerging in vitro but also in vivo evidence exists for a new role of transcription factors acting as readers of DNA methylation, mediating methylation-dependent biological processes ([@ref117]). Hence, altered DNA methylation profiles resulting from *Dnmt1* deletion could lead to changes in binding motifs for certain transcription factors, which consequently could cause the observed changes in expression of synapse and activity-related genes ([Fig. 3](#f3){ref-type="fig"}).

As numerous genes associated to the clathrin-mediated endocytosis pathway were upregulated in expression and reduced in methylation upon *Dnmt1* deletion ([Fig. 2*G*--*I*](#f2){ref-type="fig"}), a direct regulation of endocytosis by canonical DNMT1 function through repressive DNA methylation in WT can be assumed. Supported by functional in vitro studies, our data emphasize that dynamic DNMT1-dependent DNA methylation is involved in modulating clathrin-mediated endocytosis.

Apart from maintaining cellular homeostasis clathrin-dependent endocytosis is crucially implicated in the regulation of synaptic function ([@ref57]). In general, endocytosed cargo is either recycled back to the membrane via early endosomes, subjected to retrograde retrieval by the transport from endosomes to the trans-Golgi network or enters the endolysosomal degradation pathway ([@ref44]). Consistent with the relevance of endocytosis-dependent processes at the pre- and post-synapse for synaptic activity regulation ([@ref74]), we propose that DNA-methylation and demethylation events indirectly affect interneuron activity by modulating clathrin-mediated endocytosis. In support of this, *Tet1*-depeletion had an opposite effect on clathrin-mediated endocytosis and the expression of *Wipf1* ([Fig. 4*D*--*I*](#f4){ref-type="fig"}), an endocytosis-related gene. Moreover, TET-dependent control of glutamate receptor surface levels and trafficking was already described at the postsynapse ([@ref116]; [@ref98]), to which endocytosis modulation could contribute.

At the presynaptic site, clathrin-mediated endocytosis together with bulk and ultrafast endocytosis replenish synaptic vesicles, which also affects neuronal activity ([@ref95]; [@ref19]; [@ref82]; [@ref108]). The increased concentrations of extracellular GABA and vesicle replenishment in conditional *Dnmt1*-deficient mice strongly suggest that DNMT1 is implicated in this process.

This hypothesis is supported by human brain sample analysis of patients suffering from TLE, a disease characterized by altered synaptic transmission ([@ref52]). Moreover, changes in neuronal *Dnmt1* and *Dnmt3a* expression were observed in patients with TLE (reviewed in [@ref41])) and a recent study proposed defective synaptic vesicle endocytosis as disease mechanism in epilepsy ([@ref38]). Consistently, we identified differential methylation of endocytosis-annotated DNMT1 target genes that displayed a significant correlation between gene expression and seizure rate ([Fig. 5*A*](#f5){ref-type="fig"}) in TLE patients with high- versus low-seizure frequencies ([Table S5](#sup9){ref-type="supplementary-material"}). Moreover, five of these six genes correlate in with *DNMT1* expression in the TLE samples ([Table S7](#sup11){ref-type="supplementary-material"}). These observations support an implication of DNA methylation-dependent endocytosis regulation in the pathophysiology of TLE. As the analyzed hippocampal tissue was composed of both, inhibitory as well as excitatory neurons, it is conceivable that DNA methylation-dependent synaptic function regulation through endocytosis modulation is not restricted to inhibitory cortical interneurons. In support of this, DNMT1-dependent effects on endocytosis were also seen in N2a and CB cell culture models ([Fig. S4](#sup1){ref-type="supplementary-material"}).

Neuronal activity was described to alter gene expression though dynamic DNA methylation ([@ref80]; [@ref94]; [@ref32]). Hence, the fine tuning of endocytosis by DNA methylation and in turn synaptic transmission could be part of an adaptive regulatory network with potential relevance for synaptic plasticity. The outlasting time scale needed for neuronal activity regulation by DNA methylation-modulated endocytosis triggered by activity would support a possible implication in metaplasticity, which entails a change of a neuron's current physiological or biochemical state and the ability for synaptic plasticity dependent on its history ([@ref1]). Hence, in addition to the transcriptional control of plasticity-related genes ([@ref37]), dynamic DNA methylation could contribute to synaptic plasticity and metaplasticity by modulating endocytic processes.
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